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isms and structures by which organisms can detect
natural magnetic fields and use them for biologically
relevant purposes. The old hypothesis that animals
such as birds might use Earth’s magnetic field as an
orientation cue during migration or homing has been
indirectly supported by a wealth of behavioural exper-
iments that demonstrated the capability of various
animals to extract directional information from the
ambient magnetic field. The local magnetic field
vector at any point on Earth can be represented by
the total intensity, with directions given by declination
and inclination; where declination is the deviation angle
of magnetic north from true (geographical) north, reck-
oned positive eastward, and inclination is the dip angle
of the magnetic field lines with respect to the horizon-
tal, reckoned positive downward and negative upward.
Owing to the essentially dipolar character of Earth’s
magnetic field, inclination values are generally positive
on the Northern Hemisphere and negative on the
Southern Hemisphere (figure 1). Pioneering laboratory
experiments by Wiltschko & Wiltschko (1972) revealed
a so-called inclination compass response in migratory
birds, which depends on both the local magnetic
north direction and inclination. The directional
responses track a shift in local magnetic north direction
for a given inclination I. However, a change of I to 2I
elicits a change in the preferred direction by 1808 for a
given magnetic north direction. The latter behaviour
is fundamentally different from that of a technical mag-
netic compass. The inclination compass is invariant to
inversion of the magnetic field vector, a transformation
that flips the polarity of the field lines, but conserves
their axial orientation in space. That a finite inclination
is strictly required for the inclination compass to func-
tion was shown in experiments mimicking magnetic
equator conditions (I ¼ 08), where migratory birdsphysik.uni-muenchen.de
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1972). Like the technical compass, the inclination com-
pass is useless at the poles (I ¼+908), but becomes
operational again as soon as the inclination changes
from practically vertical (I ¼ 89.78) to near vertical
(I ¼ 88.68) (Åkesson et al. 2001). This suggests that
the detection limit for the horizontal field component
is about 0.01 G in a background field of 0.6 G. Assum-
ing a detection threshold of 0.01 G for the vertical field
component, too, one can predict a minimum inclination
of +28 for the inclination compass to operate at near-
equatorial latitudes, where the background field is
about 0.3 G. A gap from 228 to 28 in the useful incli-
nation interval would correspond to a latitudinal gap
of +18, or +110 km, either side of the magnetic
equator. This figure is obtained from the dipole for-
mula, tan I ¼ 2 tan l, where l is magnetic latitude,
i.e. the angular distance from the magnetic equator. It
is obvious that transequatorial migrants need to rely
on cues other than geomagnetic ones for orientation
in this gap region. Indeed, birds and other animals
seem to take advantage of a number of different
environmental cues, which makes it difficult in general
to assess the relative importance of geomagnetic cues
for animals in the wild. With the aid of lightweight
(less than a gram) radiowave transmitters, significant
progress has been made recently towards identifying
the role of magnetic orientation in free-flying migratory
birds: a radio-tracking study of night-migratory birds
exposed to either natural or shifted magnetic field
during the twilight period before release suggests that
these birds select the migratory direction on the basis
of twilight cues provided by the sunset direction and/
or by associated light polarization patterns, but then
maintain their course using geomagnetic cues, obtained
from the bird’s internal magnetic compass that is cali-
brated daily from twilight cues (Cochran et al. 2004).
For migratory birds that travel over intercontinental
distances, covering hundreds of kilometres per night,
daily calibration of the biological magnetic compass is
a robust strategy for coping with spatial variations of
the geomagnetic field owing to non-dipolar com-





















Figure 1. Simplified representation of the geomagnetic field at Earth’s surface, mapped on a Mercator projection. The arrows
indicate the local magnetic north direction and total intensity (proportional to the arrow length). The dip angle of the field
lines (inclination) are represented by colours. The thick white line delineates the magnetic equator, where inclination is zero.
The white circle off East Antarctica shows the position of the south magnetic pole. The north magnetic pole is outside the
map, roughly at 858N, 1338W. Field distribution calculated from World Magnetic Model 2010, see http://www.geomag.bgs.
ac.uk/navigation.html for more information and contour charts of the geomagnetic field elements and their annual rate of
change. See the electronic supplementary material for dipolar and non-dipolar contributions to the geomagnetic field.
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slowly with time (secular variation1), these changes
accumulate from year to year, which again demon-
strates the need for periodic calibration of the
magnetic compass.
In spite of secular drift and regional variations in the
local magnetic north direction, the Earth’s magnetic
field provides a consistent source of directional and lati-
tudinal information on the global scale owing to its
predominantly dipolar character, which it has had for
most of the past 2 billion years, as indicated by
palaeomagnetic studies on ancient rocks (Evans
2006). From an evolutionary point of view, the exist-
ence of a geomagnetic sense is therefore not
surprising. That natural selection can bring about bio-
logical structures perfectly adapted to be sensitive to
the comparatively weak geomagnetic field is evident
from the example of magnetotactic bacteria, a polyphy-
letic group of motile microorganisms that swim along
magnetic field lines. They biomineralize magnetosomes,
i.e. intracellular membrane-enclosed ferrimagnetic crys-
tals of magnetite Fe3O4 (or greigite Fe3S4), which have
exactly the right grain size and arrangement to impart
the maximum magnetic dipole moment to the cell body
and to effectively align it with the geomagnetic field
lines (Frankel et al. 1979). It is plausible that the suc-
cessful principle of magnetosomes has evolved more
than once in organisms and therefore the discovery of
magnetic bacteria has triggered a lot of efforts to
detect magnetosomes in animals (Kirschvink et al.
1
See http://jupiter.ethz.ch/~cfinlay/gufm1.html for secular variation
and animations showing the temporal evolution of the historical field
between 1590 and 1990.
J. R. Soc. Interface (2010)1985). Yet, it was not until about a decade ago that
the first structural candidates of magnetite-based mag-
netoreceptors were identified; namely in the olfactory
neuroepithelium in the nose of rainbow trout (Walker
et al. 1997) and within nerve terminals in the subcutis
of the upper beak of homing pigeons (Fleissner et al.
2003). Both candidates appear to be innervated by
the ophthalmic branch of the trigeminal nerve, but
while the magnetite crystals in fish have magnetic prop-
erties similar to the magnetosomes in magnetic bacteria
(Diebel et al. 2000), the ones in the pigeon beak have
different magnetic properties owing to their much smal-
ler particle sizes (Hanzlik et al. 2000). Thus far,
however, we do know enough about the structure and
function of the magnetic sense to tie these differences
in magnetic properties to potentially different magnetic
sensor modalities in these animals.
Current research into magnetoreception is not all
about magnetite as a primary agent of geomagnetic-
field detection. On the contrary, a second hypothesis
has gained rapidly in popularity with the influential
paper by Ritz et al. (2000), who proposed the photo-
receptor protein cryptochrome in the retina as
candidate magnetoreceptor for mediating inclination
compass information. Cryptochrome contains two pig-
ment cofactors that upon light excitation may form a
transient spin-correlated radical pair, whose reaction
rates depend on the strength and axial orientation of
the external magnetic field. At the same time, Weaver
et al. (2000) have proposed a theoretical model for the
transduction of the chemical rate constant of a radical-
pair reaction into a nerve signal, assuming neural
receptors for a ligandproducedby the radical-pair reaction.
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faceted overview of current research activities in the
vibrant field of magnetoreception. The interdisciplinary
nature of the topic brings together experts from behav-
ioural biology, biophysics, biochemistry, chemical
physics, cell biology, cognitive science, magnetic
materials science, geophysics, mineralogy, neuroscience,
physical biology and physiology. Contributors to this
Journal of the Royal Society Interface Theme Sup-
plement actively participated in the conference
entitled ‘Orientation and Navigation—Birds, Humans
and Other Animals’ at Reading University in 2008,
organized by the Animal Navigation Group of the
Royal Institute of Navigation (RIN). The triennial
RIN meeting is probably the most important venue
for the magnetoreception community as a whole.
The radical-pair/cryptochrome hypothesis has
propelled a great deal of research activities and half a
dozen of the papers are directly concerned with this
topic. Ritz et al. (2010) set the scene with their perspec-
tive article on photoreceptor-based magnetoreception.
They approach from theoretical considerations the pivo-
tal question of what generic chemical structure the
compounds in a radical pair would ideally have in
order to be sensitive to Earth-strength magnetic fields
under physiological conditions and, more specifically,
to be sensitive to the spatial orientation of the magnetic
field lines. They then consider potential consequences of
such optimally devised radical pairs on oxidative stress
levels in cells and suggest possible transduction
pathways and neural processing strategies for magnetic
stimuli detected by photoreceptors. Liedvogel &
Mouritsen (2010) summarize what is known and what
is not known about cryptochrome in the context of
magnetoreception and review all current experimental
data that furnish correlative evidence in support of
the radical-pair/cryptochrome hypothesis. They point
out the challenges yet to be overcome in providing
direct evidence for the involvement of cryptochrome
in magnetic orientation and how these may be tackled
in future studies.
As cryptochrome can be activated by short-wavelength
light, a number of behavioural studies have been con-
ducted to systematically investigate magnetic orientation
responses under various light conditions. Wiltschko et al.
(2010) survey the influence of mono- and bi-chromatic
light of different wavelengths and intensity on magnetic
orientation in migratory birds. The authors present a
useful classification to juxtapose the characteristics of
the two essentially different types of observed magnetic
orientation behaviour, a normal inclination compass
response and a fixed direction response, and discuss these
in terms of the radical-pair and magnetite hypothesis,
respectively. Kirschvink et al. (2010) depict an alternative
model that may explain the light sensitivity of magnetic
orientation responses in birds by a non-light-dependent,
magnetite-based magnetoreception mechanism that sec-
ondarily interacts with other light-dependent processes.
They make recommendations for fully blinding protocols
in behavioural and physiological experiments so as to elim-
inate potential confounding by subtle differences between
test and control conditions and propose fluorescence
studies to find out whether or not cryptochrome in theJ. R. Soc. Interface (2010)avian retina is suitably anchored to be able to mediate a
magnetic compass response.
The enormous number of behavioural studies stands
in stark contrast to the few physiological attempts
targeted at identifying neuronal responses to magnetic
field stimuli. In their perspective article, Cadiou &
McNaughton (2010) review structural, physiological
and behavioural evidence for trigeminally mediated mag-
netoreception in birds and propose a number of powerful
physiological techniques to directly observe responses of
candidate magnetoreceptors to magnetic and mechanical
stimuli. Implementing these tools should allow one to
test and refine theoretical models that predict the
magnetite clusters in the nerve terminals of the pigeon
beak to respond to a magnetic stimulus by some displa-
cement that in turn is to be transduced into a receptor
potential by way of mechanosensitive elements elastically
coupled to the magnetic structures, or, as Cadiou &
McNaughton (2010) propose, by way of a secondary mes-
senger that triggers a cascade of other processes that
amplify the primary response. The authors also give an
overview of various mechanosensitive ion channels and
chemical compounds to inhibit these.
Besides birds, honey bees were among the first
animals for which effects of magnetic fields on
orientation were demonstrated. Wajnberg et al. (2010)
review magnetoreception studies in a polyphyletic
group of eusocial insects, such as ants, some bees and
wasps, as well as termites. After giving an overview of
magnetic alignment behaviour as well as untrained and
trained orientation responses in these insects, the authors
focus on the detection of iron-bearing minerals in body
parts or tissue samples, based on magnetometry, electron
paramagnetic resonance/ferromagnetic resonance
absorption and electron microscopical techniques.
A number of research papers complete this Theme
Supplement. The first two papers are concerned with
the question of whether or not magnetic field perception
in birds might be lateralized with respect to vision-
mediated magnetic information. For this purpose, Hein
et al. (2010) studied magnetic orientation performance
in migratory songbirds with one or the other eye open.
They also employ immunohistochemical methods to test
for hemispherical differences in neuronal activity. Wilzeck
et al. (2010) designed magnetic conditioning experiments
with homing pigeons to find out whether lateralization of
learned components in the orientation behaviour favours
lateralization towards the left brain hemisphere.
Phillips et al. (2010) revisited light-dependent mag-
netic orientation in amphibians and insects and
explore the possibility that the magnetic field may
have antagonistic effects on photo-signalling pathways.
They examine whether this phenomenon reflects light-
sensitive magnetoreception processes in photoreceptors
such as cryptochrome and link differences between
light-absorption spectra of insect and vertebrate
cryptochromes to differences in magnetic orientation
between these two animal groups.
As mentioned above, a key requirement for a radical-
pair-based magnetic compass is that the host proteins
do not float about freely in the receptor cell, but are
anchored to a larger structure that restricts their
rotational motion and acts as a frame of reference for
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known yet how strictly this requirement would have
to be implemented in an operable magnetoreceptor
cell, but the following two theoretical papers provide
important constraints. Lau et al. (2010) explored the
tolerable amount of restricted rotational motion and
molecular disorder for a model radical-pair compass to
be viable. Hill & Ritz (2010) modelled the effect of mol-
ecular disorder on the performance of a radical-pair
compass and estimate the minimum number of radical
pairs required in a receptor cell to achieve a certain res-
olution in terms of directional and intensity variations
of the magnetic field.
The last paper (Winklhofer & Kirschvink 2010) is
concerned with the magnetite hypothesis and focused
on magnetic torque transducer models, where elongated
magnetic structures like a chain of magnetosomes
respond to a magnetic field by restricted rotational
motion about an elastic pivot. The authors theoretically
analyse interactions of magnetosomes with cytoskeletal
filaments and thermal fluctuations to derive constraints
for possible transduction mechanisms involving
mechanosensory elements such as ion channels.
We hope that this Theme Supplement conveys a sense
of excitement about new developments in this research
area that naturally crosses the divide between biological
and physical sciences and thus is within the very scope of
the Journal of the Royal Society Interface. The editors,
in particularly Dr Tim Holt, are gratefully acknowledged
for commissioning this Theme Supplement and
their efficient handling of the manuscripts. Special
thanks goes to all colleagues for their contributions.REFERENCES
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